Organically modified hydrotalcite is a recent class of organoclay based on layered double hydroxides (LDH), which is anionically modified with environmental friendly ligands such as fatty acids. In this paper the influence of hydrotalcite compounded/dispersed by means of two different processes for production of plates and fibers of polyolefin nanocomposites will be compared. A polyethylene matrix, suitable for fiber production, was firstly compounded with various amounts of hydrotalcite in the range of 0.5-5% by weight, and then compression moulded in plates whose thermomechanical properties were evaluated. Similar compositions were processed by using a co-rotating twin screw extruder in order to directly produce melt-spun fibers. The incorporation of clay into both bulk and fiber nanocomposites enhanced the thermal stability and induced heterogeneous nucleation of polyethylene crystals. Hydrotalcite manifested a satisfactory dispersion into the polymer matrix, and hence positively affected the mechanical properties in term of an increase of both Young's modulus and tensile strength. Tenacity of nanocomposite as spun fibers was increased up to 30% with respect to the neat polymer. Moreover, the addition of LDH filler induced an increase of the tensile modulus of drawn fibers from 5.0 GPa (neat HDPE) up to 5.6-5.8 GPa.
Introduction
In recent years several research efforts have been focused on the preparation of polymer/layered inorganic nanocomposites [1] [2] [3] because of the excellent properties in comparison to the neat polymer. The main reason of this interest lies certainly in the properties of the nanoclay, like high stiffness, and high aspect ratio, that may induce enhancement of various polymer properties (thermal stability, mechanical properties, flame resistance and gas barrier) even with small amount of filler [3, 4] . The nano composite materials can exhibit properties over those expected from continuum mechanics predictions, not achieved with larger scale reinforcement [5] . Moreover, nanocomposites can be processed more easily than microcomposites. Most of the research has been focused on the smectite-type fillers, such as montmorillonite or hectorite. On the contrary, much less work [6] [7] [8] [9] [10] [11] has been focused on the effects of layered double hydroxides (LDH) in polyolefins. The structure of LDH, also referred as hydrotalcite, is derived from brucite or Mg(OH) 2 , where some Mg 2+ cations are replaced by trivalent cations yielding positively charged layer [6] [7] [8] . Organic modification is adopted to enlarge the interlayer distance of the pristine clay and to increase the hydrophobic nature, thus decreasing the interaction between platelets in order to
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Organically modified hydrotalcite for compounding and spinning of polyethylene nanocomposites I. Dabrowska 1 facilitate its dispersion in hydrophobic polymers [6] . The commercially available nanoparticles consist of aggregates or stacks of platelets which are broken up by stress applied during melt mixing. With proper processing conditions, organically modified nanofiller can be melt-dispersed into polyolefins and exfoliated, while it is not very good as that observed in polyamides, polyurethanes, and some other polar polymers [5] . However, significant improvement of thermo-mechanical, flame retardant, barrier, rheological properties and frequently better thermoforming properties were observed in nanofilled polyethylene [6] [7] [8] 12] , polypropylene [10] and polybutene [11] . Some polyolefin nanocomposites have been also processed by melt spinning, that is the most common textile process [13] . However, it should be noted that even in the case of low molecular weight polymers, the presence of nanofiller and sometimes the lower level of chain extension determine the formation of various type of defects, and hence relatively low modulus and strength values of the spun fibers. In the case of polyethylene fibers, both linear low density and high density polymers at very low melt flow, between 0.27 and 0.9 dg/min (190°C, 2.16 kg), were spun with various organo-modified clays or with fumed silica [14] [15] [16] [17] [18] . The high molecular weight of polymers allowed an efficient drawing process and the achievement of higher mechanical properties of drawn nanocomposite fiber with respect to those of neat polymer. In particular, the organo-modified clay was considered responsible for the reduction of the fiber defects during drawing and for the higher attainable draw ratios [17] . On the other hand, various authors described the production of isotactic polypropylene fibers containing organo-modified clay with a double-step process consisting in a preliminary melt compounding with or without compatibilizer, followed by fiber spinning [19] [20] [21] [22] or melt-spun bonding [23] . The fiber properties were found to be dependent on the polypropylene melt flow, ranging between 12 and 35 dg/min (230°C, 2.1 6kg), the nanoclay composition, and the spinning and drawing conditions. Recently, the preparation of polypropylene-nanoclay composite fibers starting from hydrotalcite has been described by Guo and Hagstrom [24] . The present work details the formulation of hydrotalcite/polyethylene composite and the production of melt spun fiber. In particular, HDPE was compounded via melt mixing with an organically modified hydrotalcite masterbatch. Processing and properties of both compression molded plates and melt spun fibers are reported. 
Experimental

Processing
Samples of both neat and nanofilled polymers were prepared by using two types of manufacturing processes: i) plates were produced by mixing in an internal mixer and compression molding; ii) fibers were obtained in a single step by extrusion/compounding in a twin screw extruder. In the case of plate production, HDPE powder and the selected amount of clay (0.5, 1, 2 and 5% by weight) were physically mixed at room temperature according to the percentage formulation summarized in Table 1 . Each mixture was melt compounded in a co-rotating Thermo-Haake (Karslruhe, Germany) Polylab Rheomix internal mixer (155°C; rotor speed 60 rpm; residence time 10 minutes). Subsequently, square sheets (160 mm wide and 1.5 mm thick) were obtained by compression molding in a Carver (Wabash, IN, USA) Laboratory press (155°C; 10 minutes; consolidation pressure 0.2 MPa). The molten plates were then water cooled at 20°C·min -1 . Neat HDPE and nanofilled HDPE fibers were produced after direct mixing and compounding of selected formulation by using a Thermo Haake (Karslruhe, Germany) PTW16 intermeshing co-rotating twin screw extruder (screw diameter = 16 mm; L/D ratio = 25; rod die diameter 1.65 mm). The screws rotation speed was regulated in the range of 3-5 rpm with residence time of 20 min in order to produce HDPE and nanofilled polyethylene fibers with diameter of about 500 !m. The temperature profile was gradually increased from hopper to rod die (T1 = 130, T2 = 200, T3 = 210, T4 = 220, T5 = 220°C) with an output of 140 g/h. The spun fibers were rapidly cooled in water and wounded around a collecting roll/drum at room temperature. Fibers were drawn ten times at 100°C by using a modified hot-plate drawing apparatus (SSM-Giudici srl, Galbiate, LC, Italy), defining the draw ratio, DR, as the ratio between the initial D i and final D f diameter according to Equation (1): (1) Nanocomposites were designated as LDH (hydrotalcite abbreviation) followed by the filler percentage by weight. For instance, LDH-2 indicates a nanocomposite sample filled with 2 wt% of hydrotalcite.
Characterization
Melt Flow Index measurements were performed by a Dynisco LMI 400 plastometer (Heilbronn, Germany) according to ASTM D1238-10. About 3 grams of material were preheated at 190°C for 5 min following procedure A and then extruded with an applied load of 2.16 kg. Scanning electron micrographs (SEM) were obtained by using a Philips XL30 Environmental Scanning Electron Microscopy (Eindhoven, The Netherlands), at an acceleration voltage between 20 and 25 kV. Samples were fractured in liquid nitrogen. The XRD analysis over 2! = 1.8-40° for plates and 2! = 3-30° for fibers, in steps of 0.02° and 5 s measuring time for each point were carried out using a Rigaku III D-Max diffractometer (Tokyo, Japan) in the Bragg-Brentano configuration with Cu-K " radiation (" = 0.154 nm) generated at 30 mA and 40 kV. Shore D hardness was evaluated according to ASTM D2240-05 at 25 °C on 3mm thick rectangular specimen by using an ATS-Faar S.p.A (Milano, Italy) durometer as average of 5 measurements in different positions under an indentation time of 5 sec. Vicat softening temperature (VST) was measured by a HDT-VICAT instrument from ATS-Faar S.p.A (Milano, Italy) following ASTM D1525-09. Three specimens of 3 mm thickness were used in each test (heating rate of 50°C/h; applied load of 10 N). Dynamic mechanical thermal analysis (DMTA) was performed on 12#$ 5#$ 1.0 mm samples with a DMA Q800 testing unit (TA Instruments, New Castle, DE, USA). The experiments were carried out in tensile mode by applying a sinusoidal strain with a frequency of 1 Hz and amplitude of 64 microns under a preload force of 10 N (constant stress of 2 MPa). Thermal degradation was studied in the range 50-600°C by a thermobalance Mettler TG 50 (Schwarzenbach, Switzerland) on sample of about 15 mg at a heating rate of 10°C/min with an air flow of 100 mL/min. The results represent the average of three tests. Density measurements were performed by using a Micromeretrics Accupyc 1330 helium pycnometer (Norcross, GA, USA) at 23.0°C. A testing chamber of 3.5 cm 3 was used, and 30 measurements were replicated for each specimen. Standard deviation on each measurement was ±0.001 g/cm 3 . Differential scanning calorimetry (DSC) analysis was performed on samples of about 15 mg in 160 !L aluminum crucible by using a Mettler DSC30 calorimeter (Schwarzenbach, Switzerland), in the range 0-200°C with a heating and cooling cycle at ±10°C/min flushing nitrogen at 100 mL/min. The crystallinity percentage of HDPE X HDPE was calculated according to Equation (2): (2) where %H i is the melting enthalpy, %H HDPE is the reference enthalpy of a fully crystalline polyethylene, taken as 293 J·g -1 [25] , and f is the weight fraction of nanofiller. Mechanical properties of plates and fibers were performed at room temperature by using an Instron 4502 (Norwood, MA, USA) dynamometer, equipped with load cells of 1 kN and 100 N, respectively. Rectangular specimens (80 mm long, 5 mm wide and 1.5 mm thick) and fiber specimens (diameter 500 and 158 micron; gauge length 30 mm) were tested at a cross-head speed of 50 mm·min -1 . According to ISO 527 standard, the elastic modulus was determined as a secant value between deformation levels of 0.05 and 0.25%. The results represent the average of at least three specimens.
Results and discussion 3.1. Compounding and morphology
As reported in Table 1 , the investigated formulations are a combination of polyethylene with the nanofiller LDH and the compatibilizer. It should be noted the higher MFI of the masterbatch, and consequently the MFI values increased with the percentage of hydrotalcite in the polymer matrix, with an almost linear dependence on the HDPE-LDH composition ( Table 1 ). The effect of compounding and the quality of hydrotalcite dispersion into HDPE matrix was evaluated from ESEM analysis of cryo-fractured surfaces of HDPE-LDH nanocomposites. Figure 1a evidences the presence of various agglomerates with dimensions in the range between 5 and 15 microns in the masterbatch containing 12 wt% of hydrotalcite. These agglomerates need to be properly disaggregated and dispersed in HDPE compounds during processing otherwise these defects and stress concentration points could prevent the drawability in fiber spinning [22] . ESEM analysis evidenced the progressive dispersion of LDH in polyethylene matrix. An almost satisfactory result was obtained in compounding through internal mixer for various compositions, as evidenced from the particle dimension at the fracture surface in comparison with that of the masterbatch (Figure 1a ).
For instance LDH particles of 0.25-0.40 microns and other aggregates of about 0.8 micron were observed in plates at 5% of LDH (Figure 1b ). The dimension of both aggregates and particles was found to reduce with the masterbatch content. Figure 1c shows the fracture surface of LDH-1 plate, for which particles of about 0.20-0.35 micron and aggregates up to 0.6 micron were evidenced. In the case of fibers filled with LDH, some lower size particles were revealed, indicating that twinscrew processing allowed a submicron level of dispersion especially at low hydrotalcite content, as in the case of LDH-0.5 fiber, for which particles of 0.15-0.24 micron were shown in Figure 1d . The XRD analysis is a very useful method to describe the extent of intercalation and exfoliation of the nanofiller having layered structure. The XRD analysis for HDPE-LDH plates and fibers are reported in Figure 2a and 2b respectively. The XRD pattern was interpreted with respect to the position of the basal peak (003), which depends on the distance between two adjacent metal hydroxide sheets in the LDH crystal lattice. The higher order peaks indicate the presence of repeating crystal planes and symmetry in a specific crystallographic direction [26] . A more intense and sharp peak indicates a more ordered intercalated structure, while less intense and broader peak testify the existence of a disordered intercalated structure [27] . XRD spectrum of LDH-5 plate evidences the two characteristic Bragg reflections of LDH presence at about 4.9°( 003) and 11.2° (006), in agreement to the ICPDS Powder Diffraction File (LDH number 41-1428). According to some authors [26] the third peak at 8.4° is attributed to LDH, while it is not included in the ICPDS standard for Al-Mg LDH; however it might be related to the phase derived from primary clay, like Dypingite, Mg 5 (CO 3 ) 4 (OH) 2 ·5H 2 O. For the compositions LDH-2 and LDH-1 with lower nanofiller content only the main peak at 11.2° is well detectable, whereas the two others appear weak and broad. Moreover, XRD spectrum of LDH-5 suggests the presence of another and very intensive reflection at about 1.9° (001), even if not completely visible in Figure 2a , that could be attributed to the presence of bulk LDH nanoplatelets [28] . XRD spectra of HDPE-LDH fibers containing 1 and 2% of hydrotalcite reported in Figure 2b show the characteristic reflections attributed to LDH particles, the very weak peaks and the shift to lower 2! Dabrowska et al. -eXPRESS Polymer Letters Vol.7, No.11 (2013) [936] [937] [938] [939] [940] [941] [942] [943] [944] [945] [946] [947] [948] [949] (4.4, 8.1 and 11.0°). It is known that a complete degree of exfoliation of layered crystalline fillers in polymer matrix determines the disappearance of corresponding peaks in the XRD spectra of the composites. However, the absence of the peak could be also related to the very low concentration of the filler [6] . Some of these results might suggest a possible intercalation with partial exfoliation, as reported by other researchers [10, [26] [27] [28] [29] [30] . Moreover, after comparison of Figures 2a and 2b , the lower intense reflections of fibers with respect to those of plates, at the same (1 and 2% by wt.) nanofiller content, could suggest that the layer of LDH were better intercalated and partially exfoliated in the polymer during melt compounding/spinning in twin-screw extrusion. 
Vicat Softening Temperature (VST) gives a useful indication of the relative rigidity at high temperature (Table 1) . VST value progressively decreased with the percentage of hydrotalcite in the polymer matrix, in particular from 136.6°C, for neat HDPE, to about 135-136°C for LDH content in the range 0.5-2%, and to 134.0°C for LDH-5 respectively. The results of dynamic mechanical analysis of neat HDPE and nanofilled HDPE plates are reported in Figure 3 . Storage modulus increased with percentage of the organically modified LDH, particularly at lower temperatures, i.e. from -120°C to -20°C, and the highest values were obtained for LDH-5 and LDH-1, as shown in Figure 3 . These results could be tentatively attributed to the combined effects of both the filler content and the polymer microstructure (note that hardness values present a maximum for LDH-1). On the other hand at higher temperature above 0°C, both neat HDPE and HDPE-LDH nanocomposites exhibited a similar storage modulus, with some minor differences. In the range 0-50°C the highest storage modulus was found for LDH-1. A similar behavior in the case of LDPE/silica composite was explained from Kontou and Niaounakis by considering the coexistence in the matrix of composite two parts, i.e. the bulk free part and the interphase formed by the physical/ chemical interaction of polyethylene molecules and/or crystallization on the filler's surface [31] . Loss modulus evidences in Figure 3 the three main relaxations of polyethylene ", & and ' at about 50, -40 and -120°C respectively, according to literature [32, 33] . The & relaxation, related to the movement of the chain units in the interfacial region [32, 34] , typically dependent on branching, is practically absent in the case of neat HDPE, as previously shown for HDPE with melt flow 1.15 dg/min [35] . After addition of 0.5% LDH, the &-peak appears in the zone -50 and 0°C, and it becomes more intense for higher percentage of hydrotalcite [36] , as a combined effect of the higher amount of fatty acid, the organo-modifier agent, and the higher interfacial region due to the higher percentage of nanofiller. The position of loss modulus "-peak moved to lower temperature after addition of hydrotalcite masterbatch, i.e. from 59°C of the neat HDPE to 52°C in the case of LDH-5. Moreover, the intensity of the "-peak in loss modulus curves of LDH-composites is higher than that of neat HDPE, in direct dependence on the crystallinity of the polymer matrix.
Thermal properties of plates and fibers
Following the initial characterization of HDPE-LDH plates up to 5% of hydrotalcite, various compositions with a maximum 3% of LDH were also compounded and extruded for fiber production. In particular, this paragraph will describe and compare thermogravimetry results, density and calorimetric data of both plates and fibers with LDH. Representative TGA curves of plates are reported in Figure 4 , evidencing the beneficial effect of organically modified hydrotalcite on the thermal degradation resistance not only for the masterbatch, but also for all the nanocomposites at 0.5-5% LDH, with respect to the neat HDPE. Similar results were observed in the case of fibers, where the curves of nanofilled HDPE appeared shifted at higher temperature. The comparison of thermal stability was carried out in terms of selected decomposition temperatures, in particular the initial degradation at 10% (T 0.1 ), and the temperatures T 0.5 and T 0.8 at which occurred 50 and 80% of mass loss, respectively. The decomposition temperatures (T 0.1 , T 0.5 , T 0.8 ) of HDPE-LDH plates and fiber, summarized in Table 2 , were found to be higher than those of neat HDPE, even at low hydrotalcite content with a stabilizing effect of nanofiller particles under oxidizing conditions. Following Gilman's suggestion [37] , this behavior is due to the hindered thermal motion of the polymer molecular chain. At the same time the selected decomposition temperatures tend to increase with LDH content. However some discrepancies from linearity could be attributed to the parallel contribution of the nanofiller dispersion, particularly at higher mass loss. For instance in the case of fiber and plates containing 1% of LDH, it is worth noting that T 0.8 was found at a higher temperature than that of masterbatch at 12% of LDH content, 460 vs. 458°C, respectively. The slightly lower degradation temperature of HDPE nanocomposite fibers with respect to plates could be attributed to the higher surface of fiber in oxidizing atmosphere. Residual mass at 600°C is directly dependent on the nanofiller content, ranging between 0.4% for composition LDH-0.5 up to about 1.8% for LDH-3 fiber and LDH-5 plate. HDPE masterbatch (12 wt% of LDH content) plate exhibited a relevant mass loss of about 3% weight in the range 230-280°C, and a final residue of 4% at 600°C. Hence, these LDH nanocomposites showed in TGA test a charring process with formation of a charred layer, which enhances the material thermal stability, in conformity to literature results [38, 39] . In fact, the incorporation of clay into a polyolefin matrix enhances its thermal stability by acting as a superior insulator and mass transport barrier to the volatile products generated during decomposition, making the diffusion path of the oxygen more tortuous, and thus retarding the thermo-oxidative process [2, 7, 40] . Bulk properties of plates and fibers were compared in term of density, as shown in Table 3 . The results evidenced a direct dependence not only on the composition, but also on the different processing. The higher the LDH content, the higher the density, in between the density 0.957 g/cm 3 of neat polyethylene and the density of the masterbatch, 0.985 g/cm 3 . It should be noted that the density of fiber containing 1-3% of LDH is higher not only than HDPE fiber, but it is also higher than the correspondent LDH nanocomposite plates. This evidence reveals that density could be influenced from various other factors than LDH content, for instance from the orientation and from the crystallinity. For such reason, an investigation of plates and fibers was performed through DSC, as shown in Figure 5 where the heating-cooling cycles of HDPE and selected LDH composites were compared. In Table 3 , the relative crystallinity values of polyethylene matrix and the temperatures of melting and crystallization during the heating and the cooling were presented. The melting temperature and particularly the level of crystallinity of fiber samples were lower than the correspondent of plate samples, in this latter case about 50 vs 70%, confirming a peculiar dependence on the thermal history in the processing [41] . Fast cooling in fiber spinning (about -20°C/sec) caused not only a quenched crystallization process with the formation of less perfect crystal (and almost constant melting temperature of about 133°C), but also a lower crystallizability. On the other hand, the slow cooling applied for plates (about -20°C/min) determined a slow crystallization rate and hence the formation of more perfect crystals at higher melting temperature, from about 135°C (HDPE) up to 137°C (LDH nanocomposite). Literature data reported various effects of nanofiller on crystallization temperature and crystallinity content of polyethylene matrix, showing negligible [42] , or significant [36, 43] or small differences [12] , in dependence on both processing and composition. In our case, the crystallinity of nanofilled polymer was found almost the same in the case of compression molded plates, whereas the final crystallinity of fiber slightly increased with LDH content, in direct conformity to the density measurements. From the DSC cooling stage, it is noticeable that crystallization temperature of nanocomposites plates and fibers is higher than neat HDPE, i.e. up to 115 versus 110°C, suggesting a mild effect of LDH as nucleating agent. Moreover it should also be considered that the higher crystallization temperature of plates with respect to fibers could be attributed to the higher initial crystallinity of plates, particularly associated to the heterogeneous nucleation attributed to hydrotalcite [10, 37] .
Mechanical properties of plates and fibers
An enhancement of elastic modulus and tensile strength, and a reduction of tensile ductility compared to neat matrix could be expected after a good dispersion of nanofiller [11, 44, 45] . Therefore, mechanical tests were performed on both plates and fibers of various LDH content. Representative stress-strain curves for plates and fibers are presented in Figures 6 , whereas all the Dabrowska et al. -eXPRESS Polymer Letters Vol.7, No.11 (2013) 936-949 Table 4 and in Table 5 , respectively. As first evidence, the formulation at 0.5% of organically modified LDH showed the highest ultimate properties of both stress at break and strain at break (about 1900%), either in the case of plates (Figure 6a ) or in the case of fibers (Figure 6b) . However at the same time, a slightly lower tensile modulus with respect to HDPE was obtained, 0.95 vs 0.96 GPa after compression molding (plates), and 0.53 vs 0.55 GPa after spinning (fibers). At higher LDH content, a progressive stiffening of both plates and fibers was achieved as expected. The elastic modulus increased up to 1.04 GPa for LDH-5 plates, and up to 0.66 GPa for LDH-3 fibers. It is well known that mechanical properties of a nanocomposite depend upon these two factors, crystallinity of the matrix and reinforcement of the filler [38] . For such considerations, if the elastic modulus of polyethylene and LDH-composite will be compared as a function of the crystallinity a good correlation between the two groups of plates and fibers data can be observed. The main difference of modulus values can be directly attributed to the different processing conditions, because they affected the crystallinity content. A similar dependence on the crystalline content, was also found in the case of yield stress, resulting about 30 MPa for all the plates (with 70-73% of crystallinity) and about 22 MPa for the fibers (with 50-55% of crystallinity). Moreover the effect of the nanofiller content on the tensile modulus can be specifically clarified after 
and it was depicted in Figure 7 . It is quite evident that the initial reduction for composition at 0.5% of LDH, is followed by a slight increase in the case of plate up to about 7% for LDH-5, and a much higher increment for the fibers (about 20% for LDH-3). This latter effect of stiffening is particularly related to the spinning process, for which the twin screw extrusion at higher temperature determined a better distribution of the filler and the following interaction with the oriented polymer chains. The comparison of ultimate properties evidenced the higher strength of fibers (Table 5 ) with respect to plates (Table 4) , as result of polymer orientation during the spinning process. Moreover, in the case of fiber a good improvement of stress at break was obtained with hydrotalcite, from 42-46 MPa for neat HDPE, up to 52-56 MPa for nanocomposite at LDH content in the range 0.5-2%. These results could be related to the better filler dispersion and the smaller dimension of hydrotalcite aggregates.
On the other hand, as expected, at higher LDH content, the stiffening effect was also counterbalanced by a consistent and progressive reduction of tensile properties at break, in conformity to other literature data [12, 45, 46] . For instance the strain at break of plates decreased from about 1700% for HDPE plates to 380% for LDH-5. The decrease in both tensile strength and strain at break at high nanofiller content, particularly in LDH-5 plates and LDH-3 fiber, has been attributed to the presence of hydrotalcite aggregates, that may behave as defects, and could also reduce the interfacial adhesion between the matrix and the filler [5, 47] . Some other indications on the fiber drawing can be evaluated from the mechanical draw ratio " MEC , or the maximum drawability that is defined according to Equation (4): (4) where # b is the strain at break expressed in percentage [13, 21] . At the same time, the maximum attainable strength $ MAX , is computable from the stress at break, $ b multiplied by the mechanical draw ratio, following Equation (5):
These data are compared in Table 5 . Mechanical draw ratio of nanocomposite fiber ranged in between 15-20, and correspondingly the calculated maximum strength was between 670 and 1100 MPa, with respect to the values of 13 and about 550 MPa of HDPE fiber, respectively. The highest mechanical draw ratio and the maximum strength were obtained for composition at 0.5% of LDH. The linear density [48] of spun monofilament slightly increased with the LDH content, from 187 tex of neat HDPE fiber up to 193 tex of LDH-3 fiber. At the same time, the tenacity of nanocomposite fibers containing 0.5-2% of LDH was found in the range of 5.4-5.9 cN/tex, much higher than neat HDPE fiber (4.4 cN/tex), indicating the positive effect of LDH dispersion. On the other hand, at higher LDH content, both the stress at break and tenacity decreased as a possible consequence of a nonhomogenous nanofiller dispersion. Selected compositions of as-spun filament were drawn ten times at 100°C, producing fibers of about 158 micron (titer of 19 tex) at higher stiffness and strength. Representative stress-strain curves are shown in Figure 8 , whereas tensile results are reported in Table 6 . It is well evident that elastic modulus of drawn HDPE-LDH fibers (5. The highest improvement was observed for the composition with 2 wt% of nanofiller. Together with improvement in modulus, a slightly lower stress at break was observed, whereas strain at break exhibit higher values in comparison to neat HDPE drawn fiber ( Figure 8 and Table 6 ). In general, the enhancement of mechanical stiffening observed for nanocomposites can be explained as an effect of the alignment of nanofiller particles along the strain direction [18] . This process is very similar to the exfoliation process induced by the flow in polymer/clay nanocomposites with a good affinity between the two components. The elongation flow could be responsible to the break and orientation of the dispersed nanoparticles aggregates even if the viscosity ratio of the two components is very different and this can be the reason of the observed improvement of tensile modulus [49] . On the other hand after addition of LDH and drawing, nanocomposite polyethylene fibers exhibited a slight lower strength (0.46-0.51 GPa) with respect to neat HDPE drawn fibers (0.59 GPa). At the same time deformation at break of drawn LDH-fiber is higher than that of HDPE (68%). However, the higher the LDH content the lower the deformation at break that decreases from about 100% for LDH-1 and LDH-2 to 75% for LDH-3.
The calculated maximum strength of LDH drawn fibers is about 910 MPa, with respect to 990 MPa of HDPE drawn fibers. Moreover it is worth noting that the relative stiffening factor, calculated as the ratio between tensile modulus of drawn and as-spun fiber, increase from 9.2 for HDPE and LDH-1, to 9.4 for LDH-2 and decreases to 8.5 for LDH-3 (see Table 6 ). It can be concluded that a reinforcement effect for HDPE fibers can be obtained with a relatively small amount of hydrotalcite (in the range of 0.5 and 2% by wt.) resulting in a positive combination of improved stiffness (elastic modulus), tenacity (stress at break) and strain at break.
Conclusions
HDPE composites with organically modified hydrotalcite were prepared following two different compounding routes, i.e. internal mixing and compression molding, or twin-screw extrusion and spinning. The effect of filler on the thermo-mechanical properties of high density polyethylene was investigated on compression molded plates and as-spun fibers. In both cases, the dispersion of nanoparticles in a content of 0.5-5% significantly improved the thermal stability and the elastic modulus of HDPE. The stiffening effect of nanofiller was also confirmed by the proportional increase of Shore D hardness values. Depending on the lower cooling rate after compression molding, HDPE plates showed a higher crystallinity with respect to the fibers. However, nanocomposites fibers showed a higher improvement of the relative elastic modulus with respect to the nanocomposites plates containing the same percentage of nanofiller. This behaviour could be a consequence of the different orientation and morphology related to the crystallinity developed in the spin- ning. These results confirmed that polyethylene containing organically modified hydrotalcite could be easily spinned into nanofilled fibers. The compositions between 0.5 and 2% by wt. of hydrotalcite resulted the more promising for improving the fiber properties. HDPE-LDH drawn fiber exhibited higher stiffness than correspondent HDPE drawn fiber.
